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Study of light scattering properties of dust aggregates
with a wide variation of porosity
P. Deb Roy • P. Halder • H. S. Das
Abstract We study the light scattering properties
of moderately large dust aggregates (0.8µm . R .
2.0µm) with a wide variation of porosity (P) from
0.57 to 0.98. The computations are performed using
the Superposition T-matrix code with BAM2 cluster
(P ∼ 0.57 − 0.64), BAM1 cluster (P ∼ 0.74), BA or
BPCA cluster (P ∼ 0.85 − 0.87) and BCCA cluster
(P ∼ 0.98). The simulations are executed at two wave-
lengths 0.45µm and 0.65µm with highly absorbing par-
ticles (organic refractory) as well as with low absorbing
particles (amorphous silicates) to understand the pho-
topolarimetric behavior (phase function, polarization,
and color) of dust aggregates. The effect of aggregate
size parameter (X) on the light scattering properties
of aggregates (BA and BAM2) having different porosi-
ties is explored in this study. We find that the pos-
itive polarization maximum (Pmax), the amplitude of
the negative polarization (Pmin) and phase function at
the exact backscattering direction (S11(180
◦)) are cor-
related with the porosity of aggregates. Compact ag-
gregates show deeper negative polarization as compared
to porous aggregates when the characteristic radius (R)
of the aggregates are considered to be the same. Fur-
ther lower porosity aggregates show higher S11(180
◦)
and vice versa. When P is increased in a range from
0.64 to 0.98, both S11(180
◦) and Pmin decrease linearly,
whereas Pmax increases linearly. We also find that the
porosity of the aggregates plays a crucial role in de-
termining the polarimetric color for high absorbing or-
ganic refractories. The compact clusters (BAM1 and
BAM2) show the negative polarimetric color whereas
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BA clusters show almost positive polarimetric color at
all values of scattering angle. We have also made some
comparisons of our simulated results with PROGRA2
experimental results.
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1 Introduction
Cosmic dust is found to be in the form of aggregates
of small constituent particles which includes asteroidal
dust, comet dust, interstellar dust, and interplanetary
dust. The intensity and linear polarization of the scat-
tered light are the two main source of information
regarding the optical and physical properties of the
dust aggregates. Comet is found to be a good po-
larizer of light due to the scattering of sunlight from
the cometary dust and the fluorescence emission by the
gaseous molecules. The observed polarization in comet
depends on the size and shape of the dust particles, the
wavelength of the incident light, refractive indices of the
dust particles and more importantly the Sun- Comet-
Earth phase angle. The phase functions of brightness
and polarization for the cometary dust and the regolith
on most of the atmosphereless solar system bodies show
qualitatively similar feature (Kolokolova et al. 2004).
The dependence of linear polarization on the scatter-
ing angle shows a bell-shaped curve with its maximum
value of typically 10−30% at the scattering angle range
between 80◦ to 90◦ (Levasseur et al. 1996). A pro-
nounced negative polarization branch observed at high
scattering angle in the phase curve where the transition
from positive to negative polarization takes place at the
scattering angle 160◦ with a minimum of approximately
−2% (Eaton et al. 1992; Dollfus et al. 1988).
2The local polarimetric properties of dust particles
are different in different regions in the cometary coma
(Renard et al. 1996). The non-uniformity in the distri-
bution of polarization can also be noticed in the spe-
cial structures like jets, fans, etc. To explain these ob-
served photopolarimetric features of comets, numerical
simulations of light scattering characteristics have been
proposed by many researchers to construct ‘a plausible
model of comet dust’ (Kolokolova et al. 2004; Das et al.
2004, 2006, 2008, 2011; Kimura et al. 2016). Recently,
Mazarbhuiya & Das (2017) have investigated the cor-
relation among different scattering parameters e.g., the
positive polarization maximum, the amplitude of nega-
tive polarization, complex refractive indices, geometric
albedo etc. to study the light scattering properties of
aggregate particles in a wide range of complex refractive
indices and wavelengths.
The intensity in the forward-scattering domain
where all the scattered light rays are in phase depends
only on the size of the aggregate itself regardless of
the properties of constituent particles. But at the high
scattering angle, the scattered intensity depends on the
degree of coherence of the scattered light which in turn
related to the individual monomers (Muinonen et al.
1991). Thus the degree of polarization at the high scat-
tering angles is sensitive to the properties of the con-
stituent monomers of the aggregate such as the size, the
absorption index and the porosity of the aggregate. In
this regard, we emphasize primarily on the backscatter-
ing region to retrieve the photopolarimetric properties
of the cosmic dust aggregates at the high scattering
angle.
The main objective of the paper is to study the light
scattering properties of moderately large dust aggre-
gates (0.8µm . R . 2.0µm) as compared to the wave-
length of radiation with a wide variation of porosity
from 0.57 to 0.98. We also scrutinize the effect of com-
position, the effect of the size of the aggregates and
porosity especially on the negative branch of polariza-
tion observed in the near-nucleus region of comets when
the scattering angle is higher than 160◦ in different sec-
tions of the paper. The correlation between the en-
hancement in intensity and the production of deeper
and wider negative polarization branch (NPB) for the
moderately large dust aggregates of wide porosity range
at the backscattering regime are also of a major interest
in this study.
The structure of the paper is as follows. Firstly, we
describe the type of considered large aggregates used
for model calculations to investigate the light scattering
properties of dust aggregates. Secondly, we emphasize
on the effect of material composition, the characteristic
radius, and porosity of the aggregate on the photopo-
larimetric properties of dust aggregates. Finally, we
systematically discuss the effect of mixing on the pho-
topolarimetric properties of dust aggregates.
2 Aggregate Dust Model
To study the natural aggregates, several investigators
built the aggregates using the ballistic aggregation pro-
cedure. The aggregates have been built using the
Monte-Carlo simulation by random hitting and stick-
ing particles together. If the procedure permits a sin-
gle particle to join a cluster of particles, the aggregate
is called Ballistic Particle-Cluster Aggregate (BPCA)
and if the procedure allows clusters of particles to stick
together then the aggregate is called Ballistic Cluster-
Cluster Aggregate (BCCA). Later, Shen et al. (2008)
introduced three different models of cluster growth,
such as Ballistic Aggregates (BA), Ballistic Agglom-
eration with one migration (BAM1) and Ballistic Ag-
glomeration with two migration (BAM2). BA struc-
ture is generated by Ballistic Agglomeration process
having porosity ≈ 0.87 and fractal dimension ≈ 3.0,
which is similar to the BPCA. The geometries of BAM1
& BAM2 clusters are random but substantially less
“fluffy” than the BA clusters with porosity ≈ 0.74 and
≈ 0.64 respectively. The structures of BA, BAM1,
and BAM2 clusters are depicted in Fig. 1. The
porosity or the openness of the cluster is defined as
P = 1 − (aeff/R)
3, where aeff is the radius of the
equi-volume sphere radius, and R is the characteristic
radius of the aggregate. Shen et al. (2008) calculated
the characteristic radius of the aggregate by comparing
the particles to an equivalent ellipsoid obtained from
fitting the moment of inertia of the particle. Then a
geometric mean of the three ellipsoid axes is taken to
obtain the characteristic radius (R) of the aggregate.
In this paper, we are primarily interested to study
the effect of porosity on the light scattering proper-
ties of dust aggregates. So we adopt BCCA, BA,
BAM1, and BAM2 clusters as they provide a wide
range of porosity from very fluffy BCCA (P∼0.98), BA
(P∼0.87) to moderately porous BAM1 (P∼0.74) and
very compact BAM2 clusters (P∼0.57). The specified
structures (BA, BAM1 and BAM2) for our calculation
purpose are taken from Bruce T. Draine’s website1.
The prescriptions for producing random aggregates of
spheres are discussed in Shen et al. (2008). The struc-
tural parameters of the aggregates used in our compu-
tation purpose are shown in Table-1.
1https://astro.princeton.edu/ draine/agglom.html
3Fig. 1 BA, BAM1 and BAM2 clusters with 1024 monomers having porosities ∼ 0.87, 0.74 and 0.64 respectively.
Table 1 Cluster geometries from Shen et al. (2008): Types of aggregate, number of monomers (N), structure number
as mentioned in Shen et al. (2008), porosity of the aggregate (P), ratio of aggregate radius to the effective equal volume
radius (R/aeff ), monomer radius (am), effective equal volume radius (aeff ), characteristic radius of the aggregate (R) and
the size parameter of the aggregate (X = 2piR/λ) at two wavelengths 0.45µm and 0.65µm.
Aggregate N Structure P R/aeff am aeff R X
(µm) (µm) (µm) 0.45µm 0.65µm
BA 256 1,10,15 0.85 1.9 0.1 0.63 1.19 16.6 11.5
512 1,2,3 0.86 1.93 0.1 0.8 1.54 21.5 14.9
1024 1,2,3 0.87 1.95 0.1 1.0 1.95 27.3 18.9
1024 1,2,3 0.87 1.95 0.05 0.5 1.0 13.9 9.67
BAM1 1024 1,10,11 0.74 1.58 0.1 1.0 1.58 21.5 15.3
1024 1,10,11 0.74 1.58 0.06 0.63 1.0 13.9 9.67
BAM2 256 1,5,7 0.57 1.33 0.1 0.63 0.84 11.8 8.12
512 1,2,3 0.61 1.37 0.1 0.8 1.09 15.2 10.5
1024 1,2,3 0.64 1.41 0.1 1.0 1.41 19.7 13.6
1024 1,2,3 0.64 1.41 0.07 0.7 1.0 13.9 9.67
4The simulations are executed at two wavelengths
0.45µm and 0.65µm with highly absorbing (organic re-
fractory) as well as with low absorbing particles (amor-
phous silicates) to understand the photopolarimetric
behavior (phase function, polarization, and color) of
aggregated dust particles.
It is well known from in situ measurement on comet
Halley that the cometary dust contains mainly of
magnesium-rich silicates, carbonaceous materials and
iron bearing sulfides (Jessberger et al. 1988, 1999).
These materials are the major constituents of inter-
planetary dust particles (IDPs) (Brownlee et al. 1980).
Organic materials, amorphous and crystalline silicate
minerals (e.g. forsterite, enstatite) are also detected
in comets and IDPs (Hanner et al. 2004). The in-
frared (IR) measurement of comets has shown the pre-
dominance of both amorphous and crystalline silicates
consisting of pyroxene or olivine grains (Wooden et al.
1999; Hayward et al. 2000; Bockel et al. 2002). Star-
dust samples confirmed the presence of a variety of
olivine and pyroxene silicates in Comet 81P/Wild 2
(Zolenky et al. 2006) including organics (Sandford et al.
2006). The amorphous magnesium silicates, e.g., amor-
phous silicate with stoichiometry forsterite composi-
tion are the main component of cometary silicates
(Kolokolova et al. 2015; Hanner et al. 2004). This is
consistent with the Stardust returned samples, IR
spectra, in situ Giotto data, and interplanetary dust
particles (Rietmeijer et al. 2008). Recently, the re-
sults obtained from the Rosetta mission on comet
67P/Churyumov-Gerasimenko reveal the presence of
large amount of organic materials (Schulz et al. 2015;
Capaccioni et al. 2015; Goesmann et al. 2015). With
this background, we study the light scattering prop-
erties of cosmic dust aggregates by considering the
amorphous silicate and the organic refractory compos-
ites. We consider the wavelength dependent refrac-
tive indices in our work. The refractive indices of the
amorphous silicates are m = 1.689 + i 0.0031 at λ=
0.45µm and m = 1.677 + i 0.0044 at λ = 0.65µm
(Scott & Duley 1996). A few computation has also
been performed for the organic refractory of refrac-
tive indices m = 1.813 + i 0.479 at λ= 0.45µm and
m = 1.93 + i 0.367 at λ=0.65µm (Jenniskens et al.
1993). This set of refractive indices was also used by
Kolokolova et al. (2015).
In our simulations, we have considered three clus-
ter realizations of a particular type of aggregates (BA,
BAM1 or BAM2) having the same porosity (P) and
R/aeff to reduce the variation in the porosity of the
aggregates (see Table-1). The porosity along with
its error for BA, BAM1 and BAM2 clusters with N
= 256, 512 and 1024 are given in Shen et al. (2008)
(see Table-2 of that paper). We have also consid-
ered highly porous BCCA cluster in our computa-
tions. We perform our calculations using parallel
Multi-sphere T-matrix code version 3.0 developed by
Mackowski & Mishchenko (2013). This code is highly
efficient in the parallel computational environment and
could be used to study the light scattering properties
of large aggregates.
3 Results and Discussion
3.1 Effect of composition
We now study the effect of composition on the po-
larization of the scattered light and the phase func-
tion (S11) for moderately large aggregates compared
to wavelength of incident radiation. This dependence
was already studied by many investigators for small ag-
gregates in the past (Petrova et al. 2004; Kimura et al.
2006; Bertini et al. 2007; Markkanen et al. 2015). It is
to be noted that the phase function is directly related to
the albedo of the particles. The geometric albedo (A)
can be calculated using the formula defined by Hanner
et al. (1981), which is given by [S11(180
◦) λ2]/(4piG).
Here S11(180
◦) is the first element of the scattering ma-
trix at the exact back scattering direction and G is the
geometric cross section of aggregates. In Figs. 2 and 3,
the angular dependence of phase function (S11) and po-
larization (−S12/S11) of BA, BAM1 and BAM2 clusters
with 1024 numbers of constituent monomers are pre-
sented for the amorphous silicate (MgSiO2) with the
complex refractive index m = 1.689 + i 0.0031 at λ=
0.45µm and m = 1.677 + i 0.0044 at λ = 0.65µm, and
organic refractory composites with m = 1.813+ i 0.479
at λ= 0.45µm and m = 1.93+ i 0.367 at λ=0.65µm. It
is to be noted that the wavelength dependent refractive
indices are considered in this computations. The poros-
ity (P) and the characteristic radius (R) for BA, BAM1
and BAM2 clusters are (0.87, 1.95µm), (0.74, 1.58µm)
and (0.64, 1.41µm) respectively. These are taken to be
the same at the two wavelengths 0.45µm and 0.65µm
(see Table-1).
Figs. 2 and 3 depict the increase in the degree of
polarization with the increase in wavelength of the BA,
BAM1 and BAM2 clusters for amorphous silicate com-
position. But surprisingly, a decrease in polarization
maximum for the organic refractory composition is be-
ing well observed with the increase in wavelength of
radiation for compact BAM1 and BAM2 clusters. The
scattering angle of polarization maximum (θmax) val-
ues for BA, BAM1 and BAM2 clusters in case of sil-
icate compositions are given by 97◦ (at λ = 0.45µm)
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Fig. 2 Photopolarimetric characteristics of BA, BAM1 and BAM2 clusters consisting of amorphous silicate composites
with the complex refractive index m = 1.689 + i 0.0031 at λ= 0.45µm and m = 1.677 + i 0.0044 at λ = 0.65µm. The
characteristic radius (R∼1.95µm, 1.6µm, and 1.4µm) and porosity (P∼0.87, 0.74 and 0.64) of BA, BAM1 and BAM2
clusters are taken to be the same at the two wavelengths 0.45µm and 0.65µm. Phase function and polarization of the
aggregate obtained from this work at λ=0.45µm (i and ii) and 0.65µm (iii and iv) are shown.
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Fig. 3 Photopolarimetric characteristics of BA, BAM1 and BAM2 clusters consisting of organic refractory composites
with m = 1.813+ i 0.479 at λ= 0.45µm and m = 1.93+ i 0.367 at λ=0.65µm. The characteristic radius (R∼1.95µm, 1.6µm
and 1.4µm) and porosity (P∼0.87, 0.74 and 0.64) of BA, BAM1 and BAM2 clusters are taken to be the same at the two
wavelengths 0.45µm and 0.65µm. Phase function and polarization of the aggregate obtained from this work at λ=0.45µm
(i and ii) and 0.65µm (iii and iv) are shown.
6and 94◦ (at λ = 0.65µm), 91◦ (at λ = 0.45µm) and
96◦ (at λ = 0.65µm), and 91◦ (at λ = 0.45µm) and
95◦ (at λ = 0.65µm), respectively. In case of organic
refractories, the values are 91◦ (at λ = 0.45µm) and
94◦ (at λ = 0.65µm), 88◦ (at λ = 0.45µm) and 84◦
(at λ = 0.65µm), and 84◦ (at λ = 0.45µm) and 83◦
(at λ = 0.65µm), respectively. The scattering angle
of polarization maximum (θmax) for all three clusters
attains at a higher scattering angle for the amorphous
silicate compositions as compared to the case of organic
refractories. In contrast to the high negative polariza-
tion observed for amorphous silicate (−7.6% for BA
and −5.6% for BAM2 at λ=0.45µm; and −2.9% and
−6.0% at λ=0.65µm), the aggregates of organic refrac-
tory produce a small negative polarization (−0.3% and
−0.6% for BA) at high scattering angle. But no neg-
ative polarization is being noticed for BAM2 with or-
ganic composition. It is also important to notice that
Figure 2 shows a strong branch of negative polarization
with the high albedo amorphous silicate composition ir-
respective of the variation in wavelength of radiation as
well as the nature of the aggregates.
The left panel of Figs. 2 and 3 show the phase
function of the BA, BAM1 and BAM2 clusters for
the composition of amorphous silicates and organic re-
fractory at λ=0.45 and 0.65µm. The silicate compos-
ites show high scattering efficiency, which results in
a higher scattering phase function at 180◦ scattering
angle (S11(180
◦)) for BA, BAM1 and BAM2 clusters.
More interestingly, the aggregates of silicate composi-
tion show an increment in S11(180
◦) with the decrease
in wavelength whereas the highly absorbing organic re-
fractory depicts an opposite trend and possess higher
S11(180
◦) at the higher wavelength. This may be due to
combined effect of size parameter (X) and wavelength
dependent complex refractive index (m) values. In our
study, the wavelength dependent complex refractive in-
dices of amorphous silicates and organic refractories are
considered, which are taken from Scott & Duley (1996)
and Jenniskens et al. (1993). The real part of complex
refractive index (n) decreases in case of silicates and in-
creases in case of organic when wavelength (λ) changes
from 0.45µm to 0.65µm, whereas the imaginary part (k)
increases for silicates and decreases for organic when λ
changes from 0.45µm to 0.65µm. Again, due to the
high absorption efficiency of organic refractory at λ =
0.45µm (larger X), S11(180
◦) is found to be lower as
compared to the smaller X associated with λ=0.65µm
(since, X0.45µm > X0.65µm) (discussed in section 3).
S11(180
◦) is noticeably higher for the fluffy BA cluster
as compared to that of the compact BAM2 cluster for
the organic refractory. But the opposite trend is be-
ing well observed for the amorphous silicates where the
BAM2 cluster possess higher S11(180
◦) than the fluffy
BA cluster.
Most interesting results are observed in Fig.3 in the
case of organic refractory where the polarization maxi-
mum significantly drops with the increase in wavelength
for BAM1 and BAM2 clusters of 1024 monomers. This
is due to the effect of size parameter and complex re-
fractive index, as mentioned above. Since dark organic
refractories show higher S11(180
◦) at lower size param-
eter, it may result a decrease in polarization maximum
for compact aggregates at λ= 0.65µm. The effect of size
parameter is studied in the next section. From the Fig.
3, the conclusion can be easily derived that the extent
of depolarization enhances with the increase in wave-
length as the porosity of the aggregate drops promi-
nently which is one of the reason behind this abrupt
feature. Further, the size parameter of the aggregates
decreases with the increase of wavelength, so the effect
of size parameter can not be ruled out here.
The negative polarization observed in comets at high
scattering angles is well explained using the backscat-
tering mechanism. Due to the interference of the multi-
ply scattered light wave, the backscattering mechanism
comes into play (Mishchenko et al. 2002). At high scat-
tering angle, the waves traveling in direct and opposite
courses interfere constructively. This leads to an en-
hancement in intensity and in turn increases the am-
plitude of negative polarization mainly for the silicate
composites. The rise in intensity and the negative po-
larization due to the interference of multiply scattered
waves is mainly produced by the constituent monomers
in the outer layers of the cluster where the radiation
field is homogeneous (Tishkovets et al. 2004).
It is worth to mention that the appearance of the
NPB and the enhancement in the backscattering inten-
sity are not always obtained simultaneously in model-
ing. The opposition effects are mainly defined by the
interference of multiply scattered waves and the near-
field effect (Tishkovets et al. 2004). The near field ef-
fect stimulates the negative polarization branch, but
the enhancement in intensity is almost absent, whereas
both the intensity and the NPB are found to be pro-
nounced in the interference of multiply scattered waves.
A strong direct correlation between the increase in NPB
and the enhancement in intensity in the backscattering
direction for the amorphous silicate composites can be
well noticed in this study. So, in our simulated work,
the interference of multiply scattered waves plays a cru-
cial role rather than the near-field interaction.
The phase function ratio in the backscattering region
is given by S11(180
◦)/S11(150◦). For the aggregates
of high absorbing organics refractory, we find a small
rise in the phase function ratio. This ratio is about
71.3 for BA and 1.2 for BAM2 cluster of organic refrac-
tory near the backscattering direction. In contrast, the
amorphous silicates show a strong backscattering rise
where the ratio is about 1.8 for BA and 1.7 for BAM2
cluster respectively. These values are close to the comet
phase function, where the rise from 150◦ to 180◦ scat-
tering angle is about a factor of 2 (Millis et al. 1982).
The strong backscattering of the aggregates of silicate
compounds is the key reason behind the pronounced
negative polarization branch observed in the comet.
Light scattering properties of different particles:
glass beads, rough particles, polyhedral solids, dense
aggregates and aggregates with porosity higher than
90% were studied using the PROGRA2 instrument
(Hadamcik et al. 2007, 2009, 2011; Francis et al. 2011).
From the laboratory measurements of submicron sized
aggregates of silica and carbon grains using the PROGRA2
instrument, it has been found that in the same size
range, the scattering angle θmax is larger for transpar-
ent levitating silica particles than for absorbing carbon
particles (Hadamcik et al. 2009, 2011). The opposite is
observed for deposited particles. We also try to com-
pare our simulated results with experimental results
keeping in mind that only qualitative comparison is
possible. Since the PROGRA2 experiments were con-
ducted particularly for large aggregates having high
porosity, one should not expect exact results from simu-
lations with moderately large aggregates. In our study,
BCCA and BPCA/BA clusters are comparable with
the sample aggregates considered in PROGRA2 exper-
iment. We have already observed from Figs. 2 and 3
that θmax for BA cluster (as well as BAM1 and BAM2
clusters) attains at a higher scattering angle for the
amorphous silicate compositions as compared to the
case of organic refractories, which are in good agree-
ment with PROGRA2 results. Further, Francis et al.
(2011) studied the light scattering properties of soot
and carbon black aggregates using the PROGRA2 in-
strument. They found that Pmax produced by the soot
samples are obtained for scattering angles between 80◦
and 90◦ whereas for black-carbon aggregates, the value
decreases from 80◦ to 70◦ when the primary particle
size increases. In our simulated results (see Fig. 3),
θmax varies between 83
◦ and 94◦ for organic refracto-
ries. This nature is also comparable with the experi-
mental results.
In summary, the simulated curves for BA, BAM1
and BAM2 clusters of amorphous silicate show a pro-
nounced rise in the maximum positive polarization peak
with the increase in wavelength. Highly porous BA
cluster shows a significant increment in positive polar-
ization peak for the organic refractory with the increase
in wavelength. But in the case of less fluffy aggre-
gates (like BAM1 and BAM2), the polarization max-
imum is being found to dampen with the increase in
wavelength for the organic refractories. This section
also well explains the direct correlation between the
enhancement in intensity in the backscattering direc-
tion and the production of stronger and wider negative
branch of polarization. The high growth of the intensity
in the backscattering direction for the silicate compos-
ites as compared to the minimal increment for the or-
ganic refractories is the key factor behind the stronger
and deeper NPB observed at high scattering angle for
the silicate composition.
3.2 Effect of aggregate size parameter (X)
Kimura et al. (2006) and other investigators studied
the effect of size parameters of aggregates (BCCA and
BPCA) where porosities were considered to be very
high (P & 0.90), but in our study, we explore the effect
of aggregate size parameter in a wide range of porosity.
The study of the effect of size parameter (X = 2piR/λ)
of the aggregate can be done either by changing the
number of monomers (N) in the aggregate or by chang-
ing the radius of the constituent monomer (am). Since
we have fixed am at 0.1µm, the effect of X can be re-
alized when we change N . Considering aggregates of
N = 256, 512, 1024monomers result in the effective size
parameter of the aggregate BA (X= 16.8, 21.6, 27.3)
and BAM2 (X=11.8, 15.3, 19.8) at λ=0.45µm. In Fig
4, we show the effect of size parameter of the aggregate
(X) on phase function and polarization for BA (i and
ii) and BAM2 (iii and iv) for amorphous silicates at λ
= 0.45µm with m = 1.689 + i 0.0031.
Fig. 4 demonstrates that the NPB does not show any
significant dependence on the size parameter for the BA
cluster that possess a value of about −0.07 at 169−172◦
scattering angle. In contrast, the NPB displays a sym-
metric feature and it is found to be stronger and deeper
for the compact BAM2 cluster with the increment in
the size parameter (−0.040,−0.045 and −0.057 for X
= 11.8, 15.3, 19.8). Thus the increasing X by increasing
the number of monomers enhance the NPB for compact
BAM2 cluster but do not influence the NPB for fluffy
BA cluster. The effect of size parameter on the pos-
itive polarization maximum (Pmax) and amplitude of
negative polarization (Pmin) are depicted in Table-2.
Now to isolate the effect of size and number of the
constituent monomers, we have considered two differ-
ent types of aggregates (BA and BAM2) with the equal
number of constituent monomers (N=1024) of same size
0.1µm which provide a large deviation in the size pa-
rameter (X) of the aggregate. This helps us to study
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Fig. 4 Effect of size parameter of the aggregate (X) on phase function and polarization for BA (i and ii) and BAM2 (iii
and iv) for amorphous silicates at λ=0.45µm with m = 1.689 + i 0.0031. We consider aggregates of N = 256, 512, 1024
monomers which result in the effective size parameter of the aggregate BA (X= 16.8, 21.6, 27.3) and BAM2 (X=11.8, 15.3,
19.8) at λ=0.45µm.
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Fig. 5 Effect of size parameter (X) on phase function and polarization for porous (BA) and compact (BAM2) clusters
consisting of amorphous silicate composites with m = 1.689 + i 0.0031 at λ= 0.45µm and m = 1.677 + i 0.0044 at λ =
0.65µm. Here the number of monomers (N = 1024) and size of the aggregate (am = 0.1µm) are taken to be the same. The
upper panel (i and ii) shows the results at λ=0.45µm and the lower panel (iii and iv) depicts the results at λ=0.65µm.
9Table 2 Summary of results from Fig. 4 at λ = 0.45µm. Types of aggregate, size parameter of the aggregate (X),
scattering angle of polarization maximum (θmax), polarization maximum (Pmax), inversion angle (θinv), scattering angle of
polarization minimum (θmin), amplitude of negative polarization (Pmin) and phase function at the exact back scattering
direction (S11(180◦)).
Aggregate X=2piR/λ θmax Pmax θinv θmin Pmin S11(180
◦)
BA 16.8 103◦ 0.46 158◦ 169◦ –0.075 0.29
21.6 95◦ 0.42 159◦ 171◦ –0.070 0.36
27.3 97◦ 0.39 158◦ 172◦ –0.076 0.42
BAM2 11.8 103◦ 0.17 159◦ 168◦ –0.040 0.48
15.3 101◦ 0.22 159◦ 170◦ –0.045 0.52
19.8 102◦ 0.19 158◦ 171◦ –0.057 0.60
the variation in the light scattering properties of ag-
gregates with the significant change in the size param-
eter. In Fig. 5, we show the effect of size parameter
(X) on phase function and polarization for BA and
BAM2 clusters consisting of amorphous silicate com-
posites with m = 1.689 + i 0.0031 (at λ= 0.45µm)
and m = 1.677 + i 0.0044 (at λ = 0.65µm). We have
carried out our computation, keeping N fixed at 1024,
with silicate aggregates of size parameter as high as
X∼27 (for BA cluster) and X∼20 (for BAM2 cluster)
at λ=0.45µm and X∼19 (for BA cluster) and X∼14
(for BAM2 cluster) at λ=0.65µm.
Fig. 5 depicts a higher degree of positive polariza-
tion for BA cluster as compared to BAM2 cluster in
both the wavelengths. The simulated curve shows sur-
prisingly higher negative polarization (∼ −7%) for the
BA cluster of highly porous nature as compared to that
of the compact aggregate structure BAM2 (∼ −6%) for
the amorphous silicate composition at λ=0.45µm. The
NPB obtained at λ=0.65µm for the BA cluster damp-
ens (∼ −3%) due to the significant decrease in the size
parameter of the aggregate (X∼19) and change in the
complex refractive index from λ = 0.45µm to 0.65µm.
More interestingly, the amplitude and the width of the
NPB at higher scattering angle for the compact BAM2
cluster do not show such strong dependence on the
size parameter (X). Thus the NPB of fluffy aggregates
is found to be prominent as compared to that of the
compact BAM2 cluster when the size parameter (X)
has been increased by changing the wavelength with
monomer size and numbers are kept fixed.
It can be seen from Figs. 4 and 5 that S11(180
◦) for
silicate composites is found to be higher at wavelength
λ=0.45µm as compared to that at λ=0.65µm for both
BA and BAM2 clusters which suggest that the photo-
metric color is blue for silicate particles. This may be
due to the larger size parameter (X) of the aggregate at
λ=0.45µm which is the most significant factor affecting
the light scattering properties of the aggregate. The
higher size parameter results in the coverage of large
scattering cross section of the bright amorphous sili-
cates composites by the wavelength of radiation which
enhance S11(180
◦). The silicate composites showed al-
most 10% reflection for both the aggregates irrespec-
tive of their wide variation in the aggregation proce-
dure of large porosity difference. The BA cluster of
high size parameter (X∼27) has shown a stronger en-
hancement in intensity in the backscattering direction
as compared to that of the BAM2 cluster (X∼20) at
λ=0.45µm. This leads to the production of stronger
and wider NPB for the highly porous BA cluster than
the compact BAM2 cluster at high scattering angle.
Hadamcik et al. (2007) presented linear polarization
measurements of nine samples levitating particles (five
samples of vapor-condensed magnesiosilica, one ferrosil-
ica smoke, a mixture of magnesioferrosilica smokes, one
mixture of ferrosilica with carbon and one mixture of
magnesioferrosilica with carbon) using the PROGRA2
instrument. They reported that Pmax is around 40%
(close to cometary values) and there is no wavelength
dependence; a shallow negative polarization can be
present at scattering angles greater than 160◦. In
our study, Pmax and θinv for moderately large aggre-
gates of amorphous silicate composition depicted in
Table-2 for BA cluster at λ = 0.45µm are given by
∼ 40% and ∼ 159◦, which are in good agreement with
the PROGRA2 experimental results for two samples
of magnesiosilica (sample #d and #e) which contain
amorphous SiO2 (Hadamcik et al. 2007). Our findings
show that the value of polarization maximum observed
for large aggregates in PROGRA2 experiment is also
comparable with simulated results obtained for mod-
erately large aggregates. The scattering angle corre-
sponds to minimum polarization value for these two
samples (sample #d and #e) are also found to be con-
sistent with our simulated results. However, at higher
wavelength λ = 0.65µm, Pmax becomes 65%, in case
of BA cluster (see Fig. 5(iv)). This may be due to
combined effect of size parameter (X) and wavelength
dependent complex refractive index (m) values, as dis-
cussed earlier.
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To summarize, in this study, we have varied the size
parameter in two different ways (i) by changing the
number of monomers and (ii) by changing the aggre-
gate type to get a detailed picture of the effect of size
parameter on the light scattering properties of dust ag-
gregates. The effect of size parameter (X) plays a sig-
nificant role in the optical properties of aggregated dust
particles. The NPB of porous aggregate (BA) is found
to be enhanced with the increase in the size param-
eter of the aggregate whereas the compact aggregate
(BAM2) has shown a very weak dependence on X when
the monomer size and numbers are kept fixed. But the
effect of size parameter on the NPB is found to be pro-
nounced for compact BAM2 cluster in comparison to
the fluffy BA cluster when the size parameter is be-
ing varied by changing the number of monomers in the
aggregate.
3.3 Effect of porosity
To scrutinize how the porosity influences the polariza-
tion, particularly the negative branch of polarization
for moderately large aggregates, we compute the polar-
ization and phase function of the four different aggre-
gates BCCA, BA, BAM1 and BAM2 having the poros-
ity 0.98, 0.87, 0.74 and 0.64 for high albedo silicate
particles.
Earlier Tishkovets et al. (2004) and Petrova et al.
(2004) explained the effect of porosity on the polar-
ization for small aggregates. But in this study, we have
carried out our computation for considerably large ag-
gregates (R > λ) of three different types having a wide
variation in porosity to explore the behavior of light
scattering properties of aggregates with the change in
the porosity. Shen et al. (2009) reported that the ap-
parent effects of monomer size on total cross sections
are due to the effects of varying porosity (P) or charac-
teristic radius of aggregate (R). They commented that
in previous studies (Petrova et al. 2000; Bertini et al.
2007), variations of monomer size (am) were always cou-
pled with changes in P and R, hence effects attributed
to varying am may be due to variations in P or R.
Shen et al. (2009) also showed that the monomer size
had little effect on phase function and polarization at
constant R and P (see Fig. 4 of Shen et al. (2009)).
We have performed our computation with the same
characteristic radius (R∼1µm, X∼14) for all four ag-
gregates of amorphous silicate composition at λ=0.45
µm with N = 1024. The size of the monomer (am)
is considered to be different of about 0.03, 0.05, 0.06
and 0.07µm for BCCA, BA, BAM1, and BAM2 clus-
ters to get the characteristic radius of the aggregate
(R)∼1µm. Fig. 6 displays that the most porous BCCA
cluster shows highest polarization (∼ 93%) in the pos-
itive branch, but it does not show any sign of nega-
tive polarization at this size. BA cluster shows maxi-
mum polarization of ∼ 79% , but the negative polar-
ization branch is found to be very small (−1%). The
moderately porous BAM1 cluster produces a compara-
tively lower positive polarization peak (∼ 53%) than
the highly porous clusters (BCCA and BA), but it
produces a considerably higher negative polarization
(−4%) at high scattering angle range. The highly dense
BAM2 cluster with a very compact structure produces
much deeper and wider NPB (−6%) than the other
three types of aggregates, but the peak of the positive
polarization becomes very low (∼ 26%).
Fig. 7 demonstrates the extent of dependence of
Pmin, S11(180
◦) (or geometric albedo) and Pmax on the
porosity (P) for four considered aggregates. We have
observed that they are correlated linearly with P when
the porosity changes from 0.64 to 0.98. Compact BAM2
structure shows the highest degree of negative polariza-
tion, highest S11(180◦) and lowest Pmax as compared
to other three clusters when the characteristic radius
(R) of all clusters are considered to be the same. We
find that phase function at the exact back scattering
direction (S11(180
◦)) and the amplitude of negative po-
larization (Pmin) decrease linearly with the increase in
P whereas the polarization maximum (Pmax) increases
linearly with the increase in P .
For porous BA cluster, the negative branch in the
backscattering direction is very low due to the signifi-
cant inter-monomer spacing which results in the weak
wave interference and near-field effects within the ag-
gregates. In contrast, the light scattered by a compact
BAM2 cluster is found to be depolarized, and a strong
negative polarization is well noticed at a high scatter-
ing angle, probably, indicating a stronger electromag-
netic interaction between the constituent monomers
present in the aggregate. The depolarization phenom-
ena in the aggregate are due to the occurrence of cross-
polarization in contrast to that for a spherical grain.
The presence of depolarization is an indicator of multi-
ple scattering which occurs due to the intracluster scat-
tering which gives an interesting insight of the internal
structure of the aggregate (Petrova et al. 2004). Multi-
ple scattering is of crucial importance in the vicinity of
a comet nucleus where dust particles are released from
their parent bodies as well as on the surface of their
parent bodies (Kimura et al. 2016).
Fig. 6 shows that the polarization maximum shifts
towards the higher scattering angle as the porosity of
the aggregate decreases. In contrast, when the porosity
of the aggregate decreases inversion angle of the polar-
ization curve shift towards lower scattering angle.
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Fig. 6 Effect of porosity on (i) Phase function and (ii) polarization for four clusters (BCCA, BA, BAM1 and BAM2) at
λ=0.45µm. The characteristic radius (R) of each aggregate is 1µm, where N = 1024.
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It is important to mention that a resonance like
structure can be well noticed in the polarization curve
of considered compact BAM1 and BAM2 clusters typ-
ical for solid particles of this size. Since in BAM2
cluster, the monomers are very densely packed, the
incident light interacts with the aggregate as a whole
which results in such ripple-like structure. The similar
nature of resonance structure for the densely packed
aggregates was reported by Tishkovets et al. (2004)
and Okada et al. (2008). The coupling between the
monomers comes into play only when the size and the
intermediate spacing of the monomers are less than the
wavelength of radiation. Thus the coupling will be
higher for the compact aggregates as compared to the
porous one as a single wavelength covered a large num-
ber of monomers which lead to a higher degree of de-
polarization of the scattered radiation. It has also been
found that the extent of depolarization effect becomes
more significant for the aggregates of larger size than
the wavelength of radiation (Tishkovets et al. 2004).
The left panel of Fig. 6 displays the photometric fea-
ture of the four considered dust aggregates of different
porosity at λ=0.45µm. It can be seen from the figure
that S11(180
◦) is highest for BAM2 particles and lowest
for BA particles. Thus the phase function is correlated
with the porosity of the aggregate, i.e., higher porosity
has lower S11(180
◦), and the lower porosity aggregates
possess higher S11(180
◦) in case of silicate composition.
The enhancement in intensity in the backscattering di-
rection is higher for less porous aggregates which result
in the production of stronger and wider negative polar-
ization branch for silicate composites.
We can summarize that the effect of porosity is
also of crucial importance in the study of light scat-
tering properties of aggregates. The geometric albedo
or S11(180
◦), Pmax and Pmin show a direct correla-
tion with the porosity of the aggregates. The ampli-
tude of negative polarization (Pmin) and phase function
(S11(180
◦)) are found to be enhanced with the decrease
in porosity of the aggregates whereas Pmax is found to
be decreased with the decrease in porosity from 0.98 to
0.64.
3.4 Effect of mixing
Figs. 8 and 9 depict the photopolarimetric feature of
porous BA and most compact BAM2 clusters. The
plots are being generated by a suitable mixing of or-
ganic and silicate composites. The NPB is found to
be stronger with the decrease in proportion of organic
composites (−0.021, −0.035 and −0.045) for 90%, 80%
and 70% of organics for BA cluster at λ=0.45µm and
(−0.010, −0.013 and −0.016) at λ=0.65µm. The en-
hancement in the NPB with the decrease in organic
composites in the mixing is also well observed for BAM2
cluster (−0.019, −0.031 and −0.039) for 90%, 80% and
70% of organics at λ=0.45µm and (−0.015, −0.027 and
−0.035) at λ=0.65µm. In Fig. 10, the polarimetric
color of BA and BAM2 clusters with the variation in
scattering angle is plotted. The figure shows that the
polarimetric color (P0.65−P0.45) is positive for the BA
cluster and the value decreases with the increase in the
proportion of organic refractory in the mixing. But a
completely reverse trend is being monitored in case of
compact BAM2 cluster where the polarimetric color is
found to be negative beyond an intermediate scattering
angle irrespective of the change in mixing proportions.
At this stage, we should keep in mind that this dust
model is not appropriate for comet dust modeling as
the size of comet dust may range from several tens to
hundreds of microns which were detected in both the
space mission and laboratory diagnosis of comet Wild-
2 dust (Kolokolova et al. (2007) and references therein)
and recent Rosetta mission on Comet 67P/Churyumov-
Gerasimenko (Schulz et al. 2015). Since computational
restrictions stop us from trying this for very large ag-
gregates, so we can conclude that this dust model could
deal with a small aggregated particles or in the sense of
moderately large aggregates as compared to the wave-
length of radiation.
4 Conclusions
(i) The effect of aggregate size parameter (X) on the
light scattering properties of aggregates (BA and
BAM2) having different porosities is explored in this
study. It is found that the negative polarization
branch (NPB) for compact BAM2 cluster enhances
more as compared to NPB for BA cluster if X is
increased by increasing N . But, an opposite trend
is being noticed if X is increased by changing the
wavelength, N being kept constant, where enhance-
ment of NPB for highly porous BA cluster is found
to be more prominent as compared to less porous
BAM2 cluster.
(ii) We have found from our study that the positive
polarization maximum (Pmax), the amplitude of the
negative polarization (Pmin) and phase function at
the exact back scattering direction (S11(180
◦)) are
correlated with the porosity of aggregates. Com-
pact aggregates show deeper negative polarization
as compared to porous aggregates when the char-
acteristic radius (R) of the aggregates is considered
to be the same. Further lower porosity aggregates
show higher S11(180
◦) and higher porosity aggre-
gates show comparatively lower S11(180
◦).
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Fig. 8 Photopolarimetric characteristics of BA for different mixing ratios of amorphous silicates and organic refractory
composites. The characteristic radius (R∼1.95µm) and porosity (P∼0.87) of BA are taken to be the same at the two
wavelengths 0.45µm and 0.65µm. Phase function and polarization of the aggregate obtained from this work at λ=0.45µm
(i and ii) and 0.65µm (iii and iv) are shown.
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Fig. 9 Photopolarimetric characteristics of BAM2 for different mixing ratios of amorphous silicates and organic refractory
composites. The characteristic radius (R∼1.4µm) and porosity (P∼0.64) of BAM2 are taken to be the same at the two
wavelengths 0.45µm and 0.65µm. Phase function and polarization of the aggregate obtained from this work at λ=0.45µm
(i and ii) and 0.65µm (iii and iv) are shown.
14
-0.05
 0
 0.05
 0.1
 0.15
 0.2
 
0
 
30
 
60
 
90
 
12
0
 
15
0
 
18
0
Po
la
rim
et
ric
 C
ol
or
Scattering angle (in degrees)
BA (N=1024)
90% Or + 10% Si
80% Or + 20% Si
70% Or + 30% Si
100% Or
-0.2
-0.15
-0.1
-0.05
 0
 0.05
 0.1
 
0
 
30
 
60
 
90
 
12
0
 
15
0
 
18
0
Po
la
rim
et
ric
 C
ol
or
Scattering angle (in degrees)
BAM2 (N=1024)
90% Or + 10% Si
80% Or + 20% Si
70% Or + 30% Si
100% Or
Fig. 10 Polarimetric color (P0.65 − P0.45) for BA (left panel) and BAM2 (right panel) clusters of different mixing ratios
of amorphous silicate and organic refractory. The result with 100% organic composition is also drawn for reference.
(iii) We have also investigated the correlation of Pmax,
Pmin and S11(180
◦) with porosity (P) for silicate
composites. It is found from our study that when
P is increased in a range from 0.64 to 0.98, both
S11(180
◦) and Pmin decrease linearly, whereas Pmax
increases linearly.
(iv) We have observed that the porosity of aggregates
plays a crucial role in determining the polarimetric
color for high absorbing organic refractories. The
compact aggregates like BAM1 and BAM2 show
the negative polarimetric color whereas BA cluster
shows almost positive polarimetric color at all values
of scattering angle.
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